ABSTRACT The effect of the fluorescent Ca2+ indicator dye Fura-2 on Ca2+ dynamics was studied in proximal apical dendrites of neocortical layer V and hippocampal CAl pyramidal neurons in rat brain slices using somatic whole-cell recording and a charge-coupled device camera. A single action potential evoked a transient increase of intradendritic calcium concentration ([Ca2+] 
INTRODUCTION
The distribution of Ca21 within dendrites of neurons in the central nervous system is of special interest, because the dendritic trees receive most of the synaptic input and Ca2+ is known to regulate neuronal excitability (see Kennedy, 1989) and plasticity (see Bliss and Collingridge, 1993) . The dendritic membrane of pyramidal neurons contains voltagedependent Ca2+ channels (Westenbroek et al., 1990; Mills et al., 1994; Magee and Johnston, 1995) and Ca2+-permeable receptor-operated channels, e.g., glutamate receptor channels (Bekkers and Stevens, 1989; Spruston et al., 1995a) . In addition, Ca2+ may enter dendritic cytoplasm by release from intracellular stores (Alford et al., 1993; Llano et al., 1994) . The dynamics of [Ca2+] i not only depends on the spatiotemporal pattern of Ca2+ inflow, but also on localization, mobility, affinity, and kinetics of intradendritic Ca2+-binding molecules, including Ca2+ buffering proteins and Ca2+ transporters which extrude Ca2+ from the cytoplasm (Sala and Hernmndez-Cruz, 1990; Nowycky and Pinter, 1993; Baimbridge et al., 1992; Clapham, 1995 . Recent experiments demonstrated that subthreshold synaptic activation evokes localized [Ca2+] i transients in dendritic spines (Yuste and Denk, 1995) . In contrast, single action potentials, initiated near the soma, back-propagate actively into apical dendrites of pyramidal neurons (see Stuart and Spruston, 1995) and lead to a global increase of [Ca2+] i in dendrites (Spruston et al., 1995b; Schiller et al., 1995) and spines (Yuste and Denk, 1995) . During a train, action potentials may fail to invade some dendritic branches, restricting the Ca2+ signal to parts of the dendritic tree (Jaffe et al., 1992; Spruston et al., 1995b) . The functional role and interplay of these different types of dendritic Ca2+ signals remain to be elicited.
Ca21 indicators act as additional buffers which compete
with endogenous buffers and thereby may significantly alter Ca2+ dynamics (Neher and Augustine, 1992; . The effectiveness of a buffer is described by the Ca2+-binding ratio, the ratio of buffer-bound Ca21 changes over free Ca2+ changes (see Neher, 1995) . Therefore, the interpretation of fluorescence signals depends on the relative Ca2+-binding ratios of endogenous buffers and the exogenous indicator dye. At relatively low dye concentration the fluorescence time course reports the unaltered dynamics of free Ca2 , while at high concentration the dye captures virtually all Ca2+ that enters the cytoplasm, resulting in a fluorescence change proportional to the integral Ca2+ flux. Dye overload of the cytoplasm therefore has been used to determine fractional Ca2+ currents through receptor-coupled ion channels (see Neher, 1995) . Measuring undistorted Ca2+ dynamics with a low dye concentration, however, is limited by the need for sufficient fluorescence intensity, particularly in small structures like dendrites. Therefore, dendritic [Ca2+] i measurements using the high-affinity dye Fura-2 in the past were made using unknown or relatively high concentrations (>200 ,tM). The exact influence of Fura-2 on the measured signals was not known, because no estimate of dendritic Ca2+-binding ratio was available. In other preparations such as striated muscle fibers (Timmerman and Ashley, 1986) , Aplysia sensory neurons (Blumenfeld et al., 1992) and adrenal chromaffin cells (Neher and Augustine, 1992) , Fura-2 was shown to affect Ca21 signals even at low concentration (50 ,uM) . In addition, theoretical studies have shown effects of Fura-2 not only because of its buffering but also its diffusional properties (Sala and Hernandez-Cruz, 1990; Nowycky and Pinter, 1993; Wagner and Keizer, 1994 
MATERIALS AND METHODS Brain slice preparation and electrophysiology
Brain slices from 12-to 14-day-old Wistar rats were prepared as described previously (Stuart et al., 1993) . Briefly, rats were decapitated and 300 ,um thick parasagittal neocortical or transversal hippocampal slices were cut in ice-cold solution using a vibratome (Campden Instruments, Loughborough, England). Slices were incubated at 37°C for 45 min and thereafter maintained at room temperature (23-25°C). The solution used for slicing and for perfusion contained (in mM): 125 NaCl, 25 NaHCO3, 25 glucose, 2.5 KCI, 1.25 NaH2PO4, 2 CaC12, and 1 MgCl2, pH 7.4 when bubbled with carbogen (95% 02, 5% C02) (Biometra, Gottingen, Germany). Slices were mounted on an upright epifluorescence microscope (Axioskop FS, Zeiss, Oberkochen, Germany), equipped with a 63x water-immersion objective (numerical aperture 0.9, Achroplan, Zeiss, Germany). Neurons were visually identified using infrared differential interference contrast (IR-DIC) video microscopy (Stuart et al., 1993) .
Somatic whole-cell voltage recordings were made with 1.8-4 MfQ patch pipettes using an EPC-7 amplifier (List, Darmstadt, Germany). The pipette solution contained (in mM): 115 potassium gluconate, 20 KCl, 4 Mg-ATP, 10 phosphocreatine, 0.3 GTP, 10 Hepes (pH 7.2, adjusted with KOH), and 20-250 ,uM Fura-2 (Molecular Probes, Portland, OR). Neurons typically had resting membrane potential levels between -55 and -60 mV. Action potentials were evoked by brief (5-30 ms) depolarizing somatic current injections (110-350 pA in CA1, 350-800 pA in layer V neurons). In some experiments, the patch pipette was retracted after a short whole-cell episode. In these experiments, action potentials were evoked by stimulation with a bipolar electrode placed in layer I (100 ,us, 4-30 V) . The stimulus threshold for evoking a single action potential was determined before break-in. Voltage recordings were filtered at 3 kHz (eight-pole Bessel filter, Frequency Devices, Haverhill, MA) and digitized at 10 kHz. Stimulation pulses and data acquisition were controlled using a VMEbus computer system (Motorola Delta series 1147, Tampa, FL). All measurements were done at 36-37°C.
Measurement of fast dendritic [Ca2+]J transients
Fura-2 fluorescence was measured using a 12-bit cooled charge-coupled device (CCD) camera (2 MHz readout rate, TH7883FT chip, ATC-5, Photometrics, Tucson, AZ). To optimize the speed of readout, exposure routines were rewritten in FORTH using lowest level routines and downloaded to the EEPROM of the camera electronics unit. A polychromatic illumination system (bandwidth 12 nm, T.I.L.L. Photonics, Munchen, Germany) (Schiller et al., 1995) . Each 10 ms frame interval included 1 ms of shifting charges beneath the masked CCD area. The contribution of fluorescence from regions outside the selected region to the signal was calculated to be <5%. Autofluorescence from brain slice tissue substantially contributes to background fluorescence with ultraviolet excitation and may change during the experiment (Eilers et al., 1995) . Therefore, background fluorescence was measured routinely from a second rectangular region containing no obvious cellular structures. Fluorescence signals were either averaged (10 traces) or digitally filtered with a 3-point binomial filter.
Pyramidal neurons were loaded with Fura-2 via somatic patch pipettes (Fig. 1) . A region in the proximal part of the apical dendrite (typically 7 ,um wide and 18 ,um long, 30-50 ,um from the soma) and a background region were selected (Fig. 1 B) 
Ca2+-binding ratio
The differential Ca2+-binding ratio of a Ca2+ buffer X (previously termed Ca2+-binding capacity; see Neher, 1995) 
RESULTS
Time course of Fura-2 loading of the proximal apical dendrite Neocortical layer V neurons with an apical dendrite parallel to the surface of the brain slice were selected using IR-DIC video microscopy ( Fig. 1 A) , and the time course of Fura-2 loading via a somatic patch pipette was measured. After forming a Gigaohm seal, acquisition of fluorescence images in 10-60 s intervals began. After break-in, the fluorescence image of the proximal part of the neuron appeared within seconds and the fluorescence intensity increased until it reached a stable value (Fig. 1 B) . The time course of the average fluorescence intensity within a dendritic region is shown in Fig. 1 (Fig. 2 A) . The concentration of Fura-2 was converted to Fura-2 Ca2+-binding ratio K' according to Eq. 1.
The decay time constant T, obtained from 94 layer V pyramidal neurons, clearly depended on KB, even with the relatively low range of concentration used (Fig. 2 B) . To The pooled data from 94 individual neurons (Fig. 2) and extrapolation (Fig. 3 B) (Fig. 4 A) . Fluorescence decrements AF380 as a function of KB could be reasonably described according to Eq. 6, yielding another estimate Of KS (Fig. 4 B) . The estimates of KS obtained from analysis of either decay time constant, amplitude, or fluorescence decrement, agree well (Table 1) .
Mobility of endogenous Ca2+ buffers
Loading neurons with indicator dyes using the whole-cell configuration may cause "washout" of diffusible cytoplasmic components, e.g., mobile Ca2' buffers (Zhou and Neher, 1993) . To minimize a possible washout effect, five layer V neurons were loaded during a short period (<30 s) via whole-cell patch pipettes containing a high concentra- = 0, respectively (n = 5; Fig. 5 B) . (Fig. 7 B) , whereas the relative amplitudes were independent of action potential frequency (Fig. 7 C [Ca2+] i in the proximal dendrite was measured during simulated "physiological" neuronal activity (Fig. 8) . Bursts of action potentials with variable frequency were evoked by varying the amount of somatic current injection (Fig. 8 A, upper trace) . The instantaneous action potential frequency was derived from the action potential pattern by finding for each action potential the time when the voltage crossed a -5 mV threshold (ti), and defining 1/At = 1/(ti+1 -ti) for ti ' t < ti+1 (Fig. 8 A, Fig. 8 A (arrows) . Because of their brief duration, they are not resolved in the Ca2+ signal. Nevertheless, groups of action potentials with different frequencies in the range up to 30 Hz are well separated in the Ca2+ signal (Fig. 8 B) .
DISCUSSION

Fura-2 measurements in proximal dendrites
Fluorescence measurements were restricted to the initial portion of the proximal apical dendrite because of its relatively large volume and because the Fura-2 concentration could be controlled by loading neurons via low resistance somatic patch pipettes. Although the acquisition rate of cooled CCD cameras is limited by the slow readout rate, restriction to subarrays and on-chip binning allow measurements with relatively high time resolution (Lasser-Ross et Pusch and Neher (1988) , presumably because of the larger volume of pyramidal cell somata. Diffusional equilibration in distal dendritic processes takes significantly longer and no longer follows an exponential time course (Rexhausen, 1992 (Stuart and Sakmann, 1994) . Therefore, the action potential occurs nearly instantaneously along a 20 ,um long dendritic segment and the duration of Ca2+ inflow during the repolarizing phase of the action potential is probably <2 ms (McCobb and Beam, 1991; Markram et al., 1995 (Markram et al., 1995) . Regehr and Tank (1992) ,tM (Spruston et al., 1995b; Schiller et al., 1995) . In addition, our estimate of the decay time constant agrees well with fluorescence decay time constants measured using low concentrations of Calcium-Green 1 or Fluo-3 in layer V dendrites (Markram et al., 1995 Ca2' diffusion (Jaffe et al., 1994; Wagner and Keizer, 1994; Zador and Koch, 1994 (Pusch and Neher, 1988 (Fig. 6) (Llano et al., 1994) . Ca2+ release within dendrites of pyramidal neurons, however, may be induced by other stimuli, such as synaptic activation of NMDA receptors (Alford et al., 1993) .
Dendritic [Ca2+]j rapidly reached a steady state during trains of action potentials with constant frequency. Therefore the time course of action potential frequency was well described by the Ca2+ signal during "physiological" patterns of neuronal activity (Fig. 8) (Jaffe et al., 1992 (Jaffe et al., , 1994 Miyakawa et al., 1992) . This slow rise could be an effect of the higher Fura-2 concentrations used; the transients that were evoked by single action potentials decayed slowly in these experiments (time constant >500 ms), and as a result the time to reach steady state was prolonged as well (Eq. 7), and thus during 0.5-1 s a plateau was not yet reached.
After trains of action potentials we found a doubleexponential decay of [Ca2+] i, as has also been reported by Regehr and Tank (1992) and Schiller et al. (1995) (Spruston et al., 1995b; Schiller et al., 1995) . Consistent with surface-to-volume considerations the transients were larger and faster in finer dendrites (Schiller et al., 1995 (Mills et al., 1994; Yuste and Denk, 1995; Segal, 1995 (Jaffe et al., 1992 (Jaffe et al., , 1994 ). This spread is activity-dependent in dendrites of hippocampal CAl neurons (Jaffe et al., 1992) . The first action potential in a train propagates into distal dendrites, whereas the following action potentials can fail to propagate, probably at dendritic branch points (Spruston et al., 1995b release from internal stores may be involved as well (Alford et al., 1993) . The frequency-dependent dendritic Ca2+ changes during electrical activity may affect target molecules such as kinases and phosphatases, membrane conductances, and proteins affecting gene expression (Clapham, 1995; Lev et al., 1995; Kennedy, 1989; Gallin and Greenberg, 1995) , and thus modulate cellular and dendritic function in an activity-dependent way.
